We study by first-principles calculations a densely packed island of organic molecules (F4TCNQ) adsorbed on graphene. We find that with electron doping the island naturally forms a p-n junction in the graphene sheet. For example, a doping level of ∼ 3 × 10 13 electrons per cm 2 results in a p-n junction with 800 meV electrostatic potential barrier. Unlike in a conventional p-n junction in graphene, in the case of the junction formed by an adsorbed organic molecular island we expect that the Klein tunneling is inhibited, even without an applied external magnetic field. Here Klein tunneling is inhibited by the ferromagnetic order that spontaneously occurs in the molecular island upon doping. We estimate that the magnetic barrier in the graphene sheet is around 10 mT. Surface functionalization of graphene using organic molecules is a promising method to control doping of graphene. Among various organic molecules, tetrafluorotetracyanoquinodimethane (F 4 TCNQ) is one of the most intensively studied organic dopants on graphene [1] [2] [3] [4] [5] [6] [7] . Since the electron affinity of F 4 TCNQ is 5.24 eV [8] and the work function of graphene is 4.6 eV [9] , the lowest unoccupied molecular orbital (LUMO) of the molecule lies well below the Dirac point of graphene and F 4 TCNQ becomes an efficient p-type dopant when it is brought into contact with graphene. Most previous theoretical studies [10] [11] [12] [13] of the F 4 TCNQ/graphene system have been done considering a single molecule on a graphene sheet. However, recent experimental study found a selfassembled F 4 TCNQ island [14] on a graphene substrate supported by insulating hexagonal boron nitride. With the formation of the island, the doping level can be controlled within a much wider range than for isolated molecules. For example, depositing naturally p-type molecular island onto an n-doped graphene would form a p-n junction in a graphene sheet; so that graphene sheet not covered in molecules remains n-type while graphene covered with molecules is p-type. This indicates that a 2D sheet of F 4 TCNQ molecules could be a potential ingredient for fabricating useful graphene-based electronic devices.
A major obstacle for graphene-based electronics is the inability to confine Dirac electrons by electrostatic potentials, because of a unique characteristic of relativistic massless electrons known as Klein tunneling [15] . One way to inhibit the Klein tunneling is to open a band gap in graphene and consequently change the linear dispersive electronic property. However, this method strongly degrades the charge carrier mobility in the graphene layer which in turn hinders its application for electronic devices. Alternatively, inhomogeneous magnetic fields can be used to confine Dirac electrons without opening a band gap [16] [17] [18] [19] [20] and reducing the carrier mobility.
In this letter, we study the electrical and magnetic properties of a graphene sheet covered with a molecular F 4 TCNQ ribbon [ Fig. 1(a) ]. We find that with electron doping the graphene sheet indeed forms a p-n junction. At the same time we find that the Klein tunneling through this p-n junction is reduced by the ferromagnetic moment formed on the F 4 TCNQ molecules.
Our first-principles calculations are based on the use of ab-initio norm-conserving pseudopotentials [21] and the Perdew-Burke-Ernzerhof-type [22] generalized gradient approximation to the density functional theory as implemented in the SIESTA code [23] . The electronic wavefunctions are expanded using pseudoatomic orbitals (double-ζ polarization). The charge density cutoff energy is 600 Ry and 32×2×1 k-point sampling is used. To rule out the undesired interaction arising from the periodically arranged layers along the out-of-plane z direction, we placed ∼100Å vacuum gap between layers and included a dipole correction in all calculations.
Our periodic computational unit cell is shown with a dotted line in Fig. 1(a) and it contains a large graphene sheet with 288 carbon atoms. In order to simulate the finite size effect of the molecular island we cover half of the graphene sheet with densely packed F 4 TCNQ molecules in the shape of a four-molecule wide ribbon with a width of 47Å. The molecular ribbon (island) is periodically repeated along the perpendicular direction. The molecule is oriented in the ribbon so that its shorter axis is along the periodically repeated direction of the ribbon. Each F 4 TCNQ molecule contains 20 atoms, so the total number of atoms in the computational unit cell is 368.
We first focus on the charge-neutral (undoped) case where the total ionic and electronic charge in the unit cell is zero. However, our calculation still allows for a charge transfer from the graphene sheet to the molecular island, as long as total charge remains zero. The calculated band structure for the undoped case is shown in Fig. 1(b) . The nearly flat bands near the Fermi level and ∼1 eV below the Fermi level originate from the molecular states, while the dispersive bands originate from the graphene sheet. We find that the graphene bands are spin-degenerate and the Dirac point is located 350 meV above the Fermi level since these organic molecules act as p-donors. To see the change of electronic properties in the graphene sheet depending on whether or not a ribbon is on it, we calculate the projected density of states (PDOS) for three areas: underneath the ribbon, the edge of the ribbon, and the area without a covered ribbon [ Fig. 1(c) ]. We find nearly no variation of the Dirac point in the three areas. Therefore all parts of graphene sheet in our periodic super-cell calculation are nearly equally p-doped by the molecular ribbon. We expect that with a wider super-cell, eventually graphene sheet would become neutral far away from the molecular ribbon.
The ground state of the neutral system is very weakly ferromagnetic. The energy difference between the ferromagnetic and nonmagnetic states is only 3 meV per one F 4 TCNQ molecule. The flat band originating from the LUMO states of the F 4 TCNQ molecule is split into one with the majority spin at the Fermi level and the other with the minority spin at 100 meV higher than the Fermi level [see Fig. 1(b) ].
Now we focus on the electron-doped case. To explore the effect of doping, we added 2 extra electrons in our computational unit cell that contains 4 molecules. We estimated the average electron density to be 2.7 × 10 the computational unit cell. After relaxation of the added charge we find that graphene underneath the island remains unaffected. Namely, graphene under the molecular island remains p-doped even with excess electrons in the unit cell [see Fig. 2(a) ]. Instead, excess electron charge accumulates in the molecular island and in the graphene that is not covered with molecules. We find that about 40 % of the inserted electron charge accumulate on the ribbon while the remaining 60 % of the charge goes into the uncovered part of the graphene.
The excess charge in the uncovered graphene causes its Dirac point to sink below the Fermi level and it therefore becomes n-type doped. Since the graphene underneath the ribbon remained p-type we conclude that the electron doping of the F 4 TCNQ island on graphene forms a p-n junction in the graphene sheet. This charge configuration is consistent with the fact that the positively charged molecular island repels electrons from the graphene underneath the island.
The projected density of states analysis reveals that in the uncovered graphene the energy difference between the Dirac point and the Fermi level shifts by 800 meV [ Fig. 2(c) ] relative to the neutral case.
Although this molecular island forms an effective electrostatic potential barrier, this is not sufficient to confine the Dirac electrons because of the Klein tunneling effect mentioned earlier. Nevertheless, the Klein tunneling is inhibited in the F 4 TCNQ ribbon/graphene system because electron doping changes not only the electronic properties but also the magnetic properties of the system.
In addition to the formation of the p-n junction, electron doping enhances the stability of ferromagnetic state and increases the ferromagnetic moment in F 4 TCNQ ribbon. When 2 electrons are added in the computational unit cell (corresponding to 2.7 × 10 13 electrons/cm 2 ), the energy difference between the ferromagnetic and nonmagnetic states is increased from 3 meV/molecule to 21 meV/molecule. The net ferromagnetic moment is calculated to be 0.85 µ B /4 molecules for the undoped case and 1.81 µ B /4 molecules for the 2-electron-doped case.
The physical origin of the enhanced magnetism upon electron doping for this system can be attributed to the Coulomb interaction within the molecule. Since the states of the F 4 TCNQ molecules are spatially localized within each molecule [ Fig. 3(a) ], the electrons in the ribbon can be described using a Hubbard model. In the Hubbard model, the energy gain due to spin polarization is proportional to the square of the total number of electrons. According to the theory, when the total number of electrons in the ribbon increases from 0.85 to 1.81, the energy gain with full polarization is enhanced a factor of 4.5, which is comparable to the calculated result.
To make a quantitative prediction of how the Klein tunneling can be inhibited by the magnetism of F 4 TCNQ ribbon, we calculate the magnetic field on a graphene sheet when the net ferromagnetic moment in the supercell is 1.81 µ B . For the calculation, the following equation is used,
where cell m(r ′ )dV ′ = 1.81µ B and m(r) is proportional to the difference between the majority and minority spin-polarized charge density computed from firstprinciples. The resulting calculated magnetic field |B(r)| in the graphene sheet is drawn using a color plot in Fig. 3(b) . The maximum value (∼5 mT) appears under the edge of the ribbon. The field below the inner molecules is reduced to 2.2 mT and it becomes less than 0.5 mT away from the ribbon. We expect that with a wider super-cell, the magnetic field away from the ribbon would eventually go to zero. The difference in the magnetic field between the edge and the interior of the ribbon is caused by the variation of the magnetic moment along the ribbon. For example, magnetic moment on the molecule at the ribbon edge is 1.4 times larger than in the interior. If the system is doped with even more electrons (approximately 5.3 × 10 13 electrons/cm 2 ), the net ferromagnetic moment can be increased up to 4 µ B . With this maximum moment, Dirac electrons passing under the F 4 TCNQ ribbon will encounter a ∼10 mT magnetic field barrier. If the height of the magnetic barrier is assumed to be constant within the ribbon, the magnetic length l B = h/eB becomes 250 nm. When the energy of incoming state, ε, satisfies the following condition
where v f is the Fermi velocity (≃ 1 × 10 6 m/s) and 2d is the width of a ribbon, the incoming state is reflected regardless of the incidence angle [16] . So, if the width of the F 4 TCNQ ribbon is extended to 500 nm, then every incoming state with energy less than 2.5 meV is totally reflected at the boundary with p-n junction configuration.
Moreover, an unique inhomogeneous magnetic and electrostatic barrier geometry in one dimension could be realized by applying homogeneous perpendicular weak magnetic field on the entire system. The directions of the magnetic field inside and outside F 4 TCNQ ribbon can either be parallel or anti-parallel. From previous theoretical studies [18, [24] [25] [26] , robust one-dimensional conducting edge states are predicted for such a barrier geometry. Those edge states have a possibility to be realized in F 4 TCNQ ribbon/graphene system, and this system may show a very large magnetoresistance behavior.
In conclusion, we studied the electric and magnetic properties of an F 4 TCNQ ribbon/graphene system. We find that, when the system is doped with extra electrons, only the uncovered part of the graphene is doped. This lowers the Dirac point energy below the Fermi level making a p-n junction configuration in the graphene sheet. Furthermore, we find that electron doping induces tunable ferromagnetism in the ribbon. When extra electrons flow into the system, the ferromagnetic moment in the ribbon is increased and that moment produces the magnetic barrier high enough to confine Dirac electrons. Our findings reveal the possibility of tunable electrostatic and magnetic barriers in graphene, which could be effective for inhibiting Klein tunneling in graphene-based electronic devices.
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